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For the neutron-induced fission of nuclei 23323, the evolution of the shape of fission-fragment neutron
multiplicity distribution with increasing excitation energy is explored within the improved scission-point model.
For a wide range of incident neutron energies, the dependence of an average number of neutrons emitted per a

fission event on the excitation energy is studied.
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I. INTRODUCTION

The improved scission-point model is able to consistently
and reliably describe several fission observables simultane-
ously [1-14] in the case of electromagnetically induced fission
of the Th and U isotopes. The main ingredient of this model
is the calculation of the potential energy surface (PES) since
its characteristics control all the fission observables. Owing to
the common PES, mass/charge distributions, fission-fragment
total kinetic energy (TKE), and neutron multiplicity are cor-
related. One of the most interesting questions regarding the
binary decay of a nucleus is the role of shell effects in the
process. As found for the fission of the Th and U isotopes
[11-14], the symmetric mass/charge distributions are the re-
sult of the liquid-drop-like behavior of the system, while the
asymmetric peaks in the aforementioned distributions origi-
nate from strong microscopic shell correction energies. As the
excitation energy of the fissioning system increases, the shell
effects are expected to melt away, leaving the system with the
liquid-drop behavior characterized by symmetric mass/charge
fragmentation and large fragment deformation values. As a
result of these changes in the PES, the mass/charge yields,
TKE, and neutron multiplicities are expected to be affected.
For example, highly deformed fragments lead to low TKE
values but also enhance the neutron multiplicity, as the defor-
mation energy is restored to fission-fragments after separation
as an internal excitation energy.

The present work focuses on the influence of excitation
energy on the mass distribution, TKE value, and the neutron
multiplicity in highly excited fissioning 23¢-23U isotopes. Fo-
cusing on several observables for which there are a lot of
experimental data, one can draw a better picture of how the
transition from the PES ruled by a microscopic shell cor-
rection energy to the PES dominated a macroscopic energy
affects the fission outcome. The establishment of correlations
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between the fission characteristics seems to be useful for
analyzing the experimental data. Note the present work is the
natural continuation of our previous paper [14], where the
improved scission-point model was employed.

II. MODEL

The most important step of the scission-point model [1-14]
is the calculation of the potential energy of the dinuclear sys-
tem (DNS) as a function of charge Z;, mass A;, deformations
B (the ratios between the major and minor semiaxes of the
fragments) of two fragments, and the internuclear distance
R between them [8,9,11-14]. The index i designates a light
(L) or (H) heavy fragment. The scission configuration is
represented as two axially deformed and uniformly charged
ellipsoids—the nascent fragments. The two nuclei are fully
formed and possess all the features of isolated nuclei, e.g.,
binding energies, according to the separability principle, and
mutually interact through the nuclear and Coulomb forces.
Their orientation is frozen to a tip-to-tip configuration that
provides the minimum interaction energy. Owing to the re-
pulsive nature of the Coulomb interaction V¢ and attractive
nature of the nuclear interaction V¥, a potential pocket is
formed in R coordinate with a minimum at R = R,,, which
roughly corresponds to a separation of d = 0.5-1 fm between
the tips of the fragments [4], depending on the mass Ay gy
and charge Z; y numbers, and deformations S, y. The depth
B, of the potential pocket ensures that the DNS is in local
equilibrium over all collective coordinates before the decay.
Since the model assumes statistical equilibrium at the scission
point, one can reduce the complexity of the problem by fixing
the internuclear distance R = R, at the bottom of the potential
pocket. Then, the potential energy

U=UP+8U"" + U + U3 +ve+ vy (D)
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of the system is calculated as the sum of the energies of the
fragments (the LD energy UP plus shell-correction energy
sUSel) and the energy Vi =V 4+ VN of the fragment-
fragment interaction [14]. The shell corrections are calculated
with the Strutinsky method for an axially deformed nucleus
[15]. The interaction potential consists of the Coulomb in-
teraction potential V¢ of two uniformly charged ellipsoids
and the nuclear interaction potential V" taken in the double-
folding form [16,17]. Since the excitation energies of the
fragments at the scission point are relatively large, we have
neglected the pairing energy in the calculations. The interplay
between the LD surface energy, the nucleus-nucleus interac-
tion potential, and the shell-correction energy is one of main
reasons for the appearance or disappearance of an asymmet-
ric minimum in the potential energy surface. As shown in
Ref. [18], the macroscopic effects play an important role in
asymmetric fission at low and high excitation energies.

The relative formation and decay probability of the DNS
with particular masses, charges, and deformations of the frag-
ments is calculated within the statistical approach as follows
[14]:

w(Ai7 Ziv ﬂ[v E*)

UA[,Z,', [,Rm +B Ai’Zia i
( B )T CIf( 'B)il’ )

= Nyexp |:—

where N is the normalization factor. In Eq. (2), the temper-

ature is calculated as T = /E*/a where a = A/12 MeV~!
is the level density parameter. We use a single temperature
T corresponding to the excitation energy E* of the DNS
or compound nucleus (CN) with the lowest potential en-
ergy. This temperature corresponds to the global minimum
on the PES. The excitation energy of the DNS with primary
fragments (Z;, A;) is E*(A;, Z;, B;) = ES + [Ucn(A, Z, B) —
U(Ai, Z;, Bi, R)], where Ucn and E(y are the binding (poten-
tial) and excitation energies of the CN, respectively. In order
to obtain the relative yield Y (Z;, A;) of a particular primary
fragment with mass number A; and atomic number Z;, one
should integrate Eq. (2) over B, and By. In order to simulate
the minimal experimental uncertainties, the mass yields Y (A;)
are smoothed using the Gaussian function with the width o =
0.5 u. The charge yields Y (Z;) are not smoothed. A smoothing
procedure with larger o will hide the energy difference of
different mass fragmentations effectively averaging them [11].
Since we are interested in all observables, and each observable
is strongly affected by the PES, we think it is illustrative to
highlight such differences in the energy of different config-
urations, so a larger o value is unwarranted. Note that the
main reason behind adding such a smearing function is to take
effectively into account the experimental conditions.

Supposing that all nucleus-nucleus interaction energy
transforms after fission into the TKE(A;,Z;, B;) =
VE(A;, Zi, Bi, Ry) + VN (A, Z;, Bi, Rp) of the DNS primary
fragments with (4;, Z;), we calculate the mean value of the
TKE as a function of A; by averaging over the deformations
Br.m of the primary fragments and summing over Z;.

Since at scission the deformations of fragments are larger
than those in their ground states, the fragments are relaxed to
the ground states after the DNS decays and the energies U, Lde,;
of deformations are transformed into the fragment intrinsic
excitation energies. In order to calculate the probability for a

given neutron multiplicity v per a fission event,

P(v) = Z/dﬂLdﬁHPu(AhZi, Bi. E¥)
Z;i,A
X u)(A,-,Zi,,B,-,E*),

v E*
Py(Ai, Zi, B EX) = ) / de;Pe(€ef)Py, (US + €)
0

VL=0
X Py (E* + UST — ¢7), 3)

we should take into account the fluctuation of the excitation
energy between light and heavy prescission fragments using
the microcanonical distribution Pc(€]) ~ pi(ef)p;(E* — €])
(where if i = L(H) then i = H(L) and p; are the Fermi-gas
level densities p;(€}) ~ exp[2(a;e)!/?] without any back shift
in fragments i = L, H) of energy partitioned between two
fragments of the DNS and the Jackson formula [14,19]

Py (&) = P'(v)) — P'(vi + 1),
2v;—-3
(A
Pw)=1—e¢ " |:Z %]’ )
k=0

for the probability of evaporation of exactly v; neutrons from
the excited postscission fragment i with excitation energy
g =€ +US InEq. 4), A, = (s — Y3, B")/T;, where
B,(:) is the experimental neutron binding energy at the kth
evaporation step and T; = (12¢;/A;)'/? is the temperature.
Here the quantities P’(v;) and P’(v; + 1) are the probabilities
of emission of at least v; and v; + 1 neutrons, respectively.
Since PP(vi=1)=1 at ¢ > B(ll), then P,—; =1 at BE’) <
g <BV +BY and P,_; = e [1 + Ayl ate; > BY + BY.
Note that our model simply does not treat gamma emission.

Analogously, one can calculate the average neutron multi-
plicities from two fission fragments [14],

w(Z) = Z/dﬂLd,BHVPv(AiaZiv,Bi’E*)w(Ai’Ziv,Bi’E*)a
A;,v

(v)(A) = Z / dBLdBuvP,(Ai, Z;, Bi, EHYw(A;, Z;, Bi, E),
Z,‘,U

&)
and the neutron multiplicities from one fission fragment,
(w)(Z) =) [ dPLdBuviP, (Ai. Zi, Bi EY)
A vi
X w(Ah Zi7 ﬂi& E*)$
v = 3 [ dpudpuvip, i 2 i E)
Z;,vi

x w(A;, Z;, Bi, E*),

~ E* F

P, (A1, Z;, i E*) = / defPc(e)P, (U™ +€F).  (6)
0

The main ingredient of our description within the improved
scission-point fission model [14] is the sophisticated potential
energy as a function of mass (charge) asymmetry, deforma-
tions of nuclei, and internuclear distance. The refinement of
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FIG. 1. The mass distribution of the fission fragments originating from the neutron-induced fission of 23U as a function of the mass number
of one of the fragments. The solid lines represent theoretical results and the symbols are experimental data [23,24] and [25] at the incident
neutron energies E, = 0.5, 5.8, 14, 22.5 and 32.8, 45, 59.9 MeV, respectively.
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FIG. 2. The average neutron multiplicity distribution (v)(A;) as a function of the mass number of one of the fragments resulting from the
238U(n, f) reaction. The incident neutron energy E, is indicated in each panels.

044601-4



EXCITATION-ENERGY DEPENDENCE OF ... PHYSICAL REVIEW C 109, 044601 (2024)

[TTTT | TTTT | TTTT | TTTT TTTT TTTT TTTT TTTT ] TTTT | TTTT | TTTT | TTTT TTTT TTTT TTTT TTTT T
3 (a) E = 0.5 MeV 3 4 (b) E, = 5.8 MeV -
25F = 35 =
—_ E E -_ F .
N 2F 4 N b =
A C . A C ]
1.5 - C ]
7 F Sl 2.5 =
= = u .
5 1 2F -
0.5~ = r ]
0:||\||\|||||H|||||||||\|||||||||\||||||I|: 1.57|1||1||||||1|||||||||1|||||||||1||1|||||7
55 30 35 40 45 50 55 60 65 25 30 35 40 45 50 55 60 65
Zi Zi
[TTTT I TTTT | TTTT I TTTT | TTTT I TTTT TTTT TTTT T [TrTTT I TTTT | TTTT I TTTT | TTTT I TTTT TTTT TTTT ]
5[ (©) En=14MeV E 6 [-(d) En = 22.5 MeV 3
E: ;
-_ T ] —_ E E
u 4= i u 5 :_ _:
80 | st E
= 4 v 3
c ] 4= =
3F 3 E ]
C ] 35— =
2.5 Crit | L1l | L1l | L1l | L1l | L1l | L1l | L1l | ] 3 oy | i | iy | Ll | iy | Ll | iy | i | |
25 30 35 40 45 50 55 60 65 55 30 35 40 45 50 55 60 65
z Z
_I TTT | TTTT | TTTT | TTTT | TTTT | TTTT TTTT TTTT T _I TTT | TTTT | TTTT | TTTT | TTTT | TTTT TTTT TTTT I_
7.5 E (e) E, = 32.8 MeV E 8.5 - (f) En=45MeV 3
7= = E =
6.5F E E E
<= = 3 3
N 6 E 3 = =
' - - = |
A 55F = E =
> r - = -
V s5F = = =
a5t = E e
4 ;_ _; 5 :I 111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | |E
3.5 :I 111 | L1l | L1l | L1l | L1l | L1l | L1l | L1l | |: 25 30 35 40 45 50 55 60 65
25 30 35 40 45 50 55 60 65 Z:
Zi :
i
CTTTT | TTTT | TTTT | TTTT l TTTT | TTTT l TTTT | TTTT l ]
© (g) En=59.9 MeV ]
9.5 -
9 =
—_ E 3
Nes =
A E 7
> 8 -
\Y C 7
7.5F e
7= =
6-5 :I 111 | 111l | 111l | 111l | | | 111l | 1111 | 111l | |:
25 30 35 40 45 50 55 60 65

Z

FIG. 3. The average neutron multiplicity distribution (v)(Z;) as a function of the charge number of one of the fragments resulting from the
238U(n, f) reaction. The incident neutron energy is indicated in each panels.
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(b) En=59.9 MeV

FIG. 4. The PES corresponding to the *Sr +!“Te fragmentation
of 2°U. The incident neutron energies are (a) E, = 0.5 MeV and
(b) E, = 59.9 MeV.

the scission-point model is the introduction of temperature-
and isospin-dependent liquid-drop energy, which allowed us
to describe and explain the mass/charge distributions result-
ing from spontaneous and induced fission. The knowledge
of deformations of the nascent DNS fragments is crucial at
the moment of scission. Our model differs from the scission-
point model of Ref. [1] by a better definition of the scission
configuration and the excitation energy. For each point on
the PES, one can accurately calculate the excitation energy
(as the difference between the total energy of the CN and
the energy of the system at the scission point), and hence
the temperature. The distance between the tips of the fission
fragments at scission and excitation energy are defined from
the nucleus-nucleus interaction potential and PES.

Within the improved scission-point model we describe the
yields for fission of U isotopes without employing the multi-
chance fission assumption. The fission at first chance seems
to be the most important and the contribution of multichance
fission does not change the shape of the mass, charge, and
neutron multiplicity distributions [20]. This is supported by
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FIG. 5. The calculated probabilities P(v) (lines) as functions of
the neutron multiplicity v and the calculated average number of
neutrons (v) (thick red line) emitted per a fission event in the case
of the 2%U(n, f) reaction at the indicated neutron energies E,. The
symbols represent the experimental [28,29] results for the (v) at
different E,,.

the experimental data [21] in which the number of prescission
neutrons does not exceed 2 at excitation energies about 50
MeV of Th and U isotopes. The largest differences between
calculated and experimental neutron multiplicities, less than
1 u, appear for actinides.

III. CALCULATED RESULTS AND DISCUSSION

As seen from Eq. (2), the probability of finding the DNS
in a specific configuration depends strongly on the charge and
mass asymmetry of the system, as well as on the deformations
of two fragments. Keeping the deformations constant and
tracing the potential energy in the charge/mass coordinate,
one usually finds that U(A;, Z;) exhibits a single minimum
at A; ~ Acn/2,Z; >~ Zcn/2 for fissioning preactinides and
two minima for fissioning actinides. If the system is also
allowed to evolve in the deformation plane (8., By), then
for each possible fragmentation (Z;, Ap)+(Zy,Ay) one or
several minima are also observed. These minima are the result
of the complex interplay between the macroscopic binding
energies of the fragments, the fragment-fragment interaction
potential, and the microscopic shell correction energies in the
fragments [11-14,22]. If the minima are formed mainly due
to the interaction and macroscopic LD energies, the fragments
are of relatively equal mass and charge and tend to have large
deformations. On the other hand, if the fragments are the
result of strong microscopic shell energies, they tend to be
formed with mass and charge numbers, which differ strongly
from Acn/2 or Zen/2, and to have large stiffness, and usually
the deformation parameters are small.

The origin of the minima in the PES plays a significant
role in establishing where the minima are located in the (8,
Br) plane, which, in turn, influences the TKE of the fragments
and neutron multiplicity. If the minima are due to strong mi-
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FIG. 6. The same as in Fig. 1 but for the 2°U(n, f) reaction at the indicated neutron energies.

croscopic effects, then small deformations lead to large TKE
values. Conversely, if the macroscopic energies dominate,
then TKE values will be lower.

Furthermore, different values of the deformation parame-
ters lead to different deformation energies of the light and
heavy fragments at scission. These energies are recovered
postscission as internal excitation energies of two separated
fragments. Additional intrinsic excitation energy plays a ma-
jor role in neutron emission [14], so the overall location of the
minima in the (B, By) plane and their origin determine and
correlate with TKE values and neutron multiplicities v.

In Fig. 1, the experimental (symbols) [23-25] and cal-
culated (lines) mass distributions of the fission fragments
resulting from the neutron-induced fission of 23U are pre-
sented at various neutron energies. The location of the maxima
and average widths of these distributions are well reproduced.
Note that in Fig. 1 the measured data represent the secondary
fission-fragment distribution, while the theoretical values re-
fer to the primary distribution.

For the lowest neutron energies [Figs. 1(a), 1(b)], the
mass distributions exhibit two asymmetric maxima separated
by a deep minimum at symmetry. With increasing neutron
energy (and consequently excitation energy) the symmetric
component of the distribution increases. We note that even
at £, = 59.9 MeV the asymmetric character of the distribu-
tion is still clear, with a peak-to-valley ratio of about 1.5.

Thus, the transition from asymmetric to symmetric yields
in the first-chance fission occurs at high excitation energies,
E* > 65 MeV. However, we note that to describe the yields
of fission of actinides at high excitation energies with the
dynamical models of Refs. [26,27] and the phenomenolog-
ical model of Ref. [28], one should take the multichance
fission into account. In these models, the transition from
asymmetric to symmetric mass/charge yields is obtained in
the first-chance fission at relatively low excitation energy,
E* ~ 20 MeV [26,27]. Thus, the asymmetric component of
the mass (charge) distribution is mainly attributed to the late-
chance fission. The main difference between these models
[26,27] and the improved scission-point model arises from the
difference of their PES at scission point.

The average neutron multiplicities (v) from both fission
fragments are presented in Fig. 2 as a function of mass number
A, for the 28U (n, f) reaction at the indicated neutron energies.
Note that for the fission of actinides U and Pu our model also
describes well the average neutron multiplicities from one
fission fragment as a function of fragment mass number A;
[14]. In Fig. 3, the < v > is presented as a function of the
charge number Z; of one of the fragments, for the same reac-
tion and neutron energies as in Fig. 2. For E,, = 0.5 MeV and
5.8 MeV [Figs. 2(a), 2(b) and 3(a), 3(b)], the neutron multi-
plicity exhibits a rather weak dependence on the mass (charge)
numbers in the range A; = 100-140 (Z; = 38-54), with the
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FIG. 7. The calculated (red solid lines) and experimental (the dash-dotted line [30] and symbols [31]) average neutron multiplicity
distributions (v)(A;) (the right axis) as a function of the mass number of one of the fragments resulting from the >>U(n, f) reaction. The
incident neutron energy E, is indicated in each panel. The calculated deformation (Uf)(A;) (solid lines) and excitation (E*)(A;) (dashed

lines) energies of fission fragments at scission (the left axis).

exception of noticeable maxima at A, = 98 (Z, = 38) and
Ay = 138 (Zy = 54). These maxima are easy to explain: at
%8Sr there is a minimum in U and correspondingly a maximum
in the mass/charge distribution. Therefore, this scission con-
figuration also exhibits the highest excitation energy, which
promotes the neutron emission. The plateau in the neutron
multiplicity formed at symmetry is due to the liquid-drop-like
behavior of the PES, which presents large deformations (and
deformation energies) that compensate for a relatively low
DNS excitation energy.

As the incident neutron energy increases, the symmetric
mass yields in Fig. 1 also increase. As the shell correction
energies decrease, the system is governed more and more by
the interplay between the macroscopic LD and the interaction
energy. Thus, the minima in the (8., By) plane migrate to
higher deformations, and become more shallow and widen.
To illustrate this, we present in Fig. 4 the PES of *°Sr 4-!40Te
at two different incident neutron energies, E,, = 0.5 and 59.9
MeV, respectively. The values of U are normalized so that U
corresponding to the PES minimum has a value equal to zero,
for convenience.

As "0Te is rather close to the proton Z = 50 shell closure,
it exhibits a large stiffness so that the optimum deformation
for this nucleus is rather small at low energies. Its comple-
ment, however, is a soft nucleus with optimum deformation far
from its ground-state value [see Fig. 4(a)]. As the excitation
energy increases, the shell correction energy is diminished and
the total potential energy is dominated by the macroscopic LD
and interaction energies. As a result, the 140Te nucleus also
acquires a large deformation, and the minimum in the PES
widens. With increasing excitation energy and deformation
energy and the fact that more configurations are available at
large energies than at low energy, the asymmetric peaks in the
(v) distributions of Figs. 2 and 3 become more pronounced.
Also, with increasing excitation energy, the symmetric frag-
ments also evaporate more neutrons, so the overall number of
neutrons emitted per a fission event increases.

At very large excitation energies the minima in the PES
reach their final shape so that the asymmetric maxima in the
mass distributions start to saturate [Figs. 1(f), 1(g)], while the
symmetric component still increases with excitation energy.
Similarly, with increasing excitation energy the asymmetric
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FIG. 8. The same as in Fig. 3 but for the 2°U(n, f) reaction at the indicated neutron energies.

peaks in the (v)(A;) and (v)(Z;) distributions [Figs. 2(f),
2(g) and 3(f), 3(g)] are fully formed at the largest excitation
energies. The symmetric part of these distributions starts ex-
hibiting maxima due to an increase in the excitation energy of
symmetric fragmentations.

In Fig. 5, the average number of neutrons < v > emitted
per a fission event is compared with the experimental data
[28,29]. The agreement between the theoretical results and
the measured values is excellent up to E, = 14 MeV, and
the deviation between them at E, = 22-25 MeV is about
0.3 units. In both theory and experiments, (v)(E,) changes
slope with increasing energy, which can be explained by the
stabilization of the PES minima with increasing excitation
energy as discussed above. At the highest excitation energies,
an increase in (v) is simply due to an increase in excitation
energies, while at low and intermediate excitation energies an
increase in deformation energy is also responsible.

In Fig. 5, we also present the probabilities P(v) of the
system to emit exactly v neutrons for the indicated energies.
As expected, the maximum of the probabilities shifts with
increasing energy to larger values of v. The probability distri-
butions also widen with increasing excitation energy as more
configurations become energetically available.

In Fig. 6, we show the theoretical (solid lines) and exper-
imental (symbols) [23,24] fission-fragment mass distribution
resulting from the >>U(n, f) reaction at thermal neutron en-

ergy [Fig. 6(a)], E, = 2 MeV [Fig. 6(b)], 14 MeV [Fig. 6(c)],
and 25 MeV [Fig. 6(d)], respectively. The agreement between
the measured and theoretical values is rather good, and the
explanation for the changes in the mass yield shape is the same
as in the 228U(n, f) case. Figures 7 and 8 present the predicted
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FIG. 9. The same as in Fig. 5 but for the 2°U(n, f) reaction at
the indicated neutron energies.
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neutron multiplicities as a function of mass and charge num-
bers, respectively, of one of the fragments. As can be seen
in Fig. 7, the calculations of (v)(A;) for the thermal neutron-
induced fission are in quite satisfactory agreement with the
experimental data [30,31]. As in the case of Z8U(n, f) re-
action, at the lowest energies (v)(A;) [Figs. 7(a), 7(b)] and
(v)(Z;) [Figs. 8(a), 8(b)] have a very weak dependence on the
mass/charge asymmetry. At E, = 14 and 25 MeV, the for-
mation of asymmetric peaks in the multiplicity distributions
is observed. The explanation for them is the same as in the
B8 (n, f) case.

As seen in Fig. 7, for the 3U(n, f) reaction, the intrin-
sic excitation energy (E*)(A;) of both fragments at scission
is high around the symmetry and the deformation energy
(U%FY(A;) of both fragments at scission is small in this mass
region even at the lowest excitation energy of the CN. At
E, =E,,, 2 MeV and A, ~ 100112, (U%") > (E*). In the
asymmetric region, (U%f) < (E*) at E, = 14 and 25 MeV.
After scission (after the transform of the deformation energy
to the intrinsic excitation energy) the total excitation energy of
both fragments is rather constant with some fluctuations in the
region A, ~ 100118, and it is reflected in the rather constant
value for the neutron multiplicity.

In Fig. 9, the experimental and theoretical average number
of neutrons (v) emitted per a fission event is shown as a func-
tion of incident neutron energy for the >3U(n, f) reaction.
Again, the measured values [28,29] are well reproduced, with
a slight underestimation, about 0.3 units, in the E, = 20-25
MeV range. Again, we note the change of the slope of (v)
with increasing E,,, which reflects the stabilization of the PES
minima with increasing excitation energy.

To verify the fact that the PES minimum stabilizes at some
final (B, By) values as the microscopic shell correction en-
ergy diminishes with increasing E,, the experimental average
total kinetic energy (TKE) (symbols) of fission fragments [32]
is compared with the theoretical results (solid line) for the
25U(n, f) reaction at different values of E, (Fig. 10). In both
experiment and theory (TKE) decreases by a few MeV in
the range E, = 0-25 MeV, and then it reaches a saturation
value at E,, > 35 MeV. Since (TKE) is strongly influenced by
the (8., By) values, this saturation strongly indicates that the
PES minima migrate to a final (8., By) value and then they
stabilize there. We note that the calculated (TKE) values in
Fig. 10 overestimate the experimental values by about 7 MeV.
The same procedure used here was used by us in Ref. [14]
for the calculation of (TKE)(Z;) values of fission fragments
resulting from the y -ray-induced fission of 222226:230Th (E, =
11) MeV. In Ref. [14], there was excellent agreement between
theoretical and measured total kinetic energies. Also, the ex-
perimental [33] (TKE) values for fissioning 2*U(E, = 11
MeV) are (TKE) = 171.9 £3.4 MeV, while for fissioning
2Th (E, = 11 MeV), (TKE) = 167.7 £ 3.3 MeV and for
fissioning >*’Pu(n, f) (E, = 0.5 MeV), (TKE) = 181.3 MeV.
The calculated (TKE) values seem to agree well with the
measured values for fissioning *U(E, = 11 MeV) and they
are in between the values obtained in fission of the Th and
Pu isotopes. The calculated values of (TKE) in Fig. 10 are
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FIG. 10. The average total kinetic energy (TKE) of the fission
fragments as a function of incident neutron energy for the 2°U(n, f)
reaction. The solid line represents the theoretical results, while the
symbols are the experimental data of Ref. [32].

close to those obtained for 234U(Ey =11 MeV). The dif-
ference between theory and experiment in Fig. 10 deserves
further theoretical and experimental study. However, even
though there is an overestimation of the absolute value of the
fission-fragment total kinetic energy, the energy trend is well
reproduced.

IV. CONCLUSIONS

For the neutron-induced fission of 2*23J at different in-
cident neutron energies, the experimental mass distributions
have been well described with the improved scission-point
model. The average neutron multiplicity (v) as a function of
mass/charge of one of the fragments is predicted to exhibit
a weak dependence on Z; (A;) for low excitation energies,
while at intermediate excitation energies (E* = 20-40 MeV)
a two-peaked distribution is expected. At the highest exci-
tation energies studied here, a more complex three-peaked
distribution is predicted. Simultaneously, the average number
(v) of neutrons emitted per a fission event is also shown to
agree very well with the measured data for a large range of
incident neutron energies. As shown, the (v) increases almost
linearly with E,, which can be explained by the combined
effect of an increase in excitation energy accompanied by an
increase in deformation energy associated with diminishing
microscopic shell correction energies especially for magic
(double magic) nuclei. At high E,, stabilization of the minima
in the PES at large values of (8., By) is predicted to show
a slight change in the slope of (v)(E,) and saturation of the
average fission-fragment total kinetic energy (TKE).
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